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ABSTRACT 


Hydrogen  Ingress  in  Titanium'^ 


fl.G.  Pound' 


A  pountiostatic  pulse  technique  was  used  ft;  study  the  ingress  of 
hydrogen  in  titanium  (pure  and  grade  2)  in  an  acetate  buffer.  Hy¬ 
drogen  irygress  did  rtot  occur  with  pure  titanium,  indicating  that 
the  surface  oxide  is  an  effective  barrier  to  hydrogen  entiy.  fn  con¬ 
trast,  the  data  for  Ti  grade  2  (UNS"‘  P50400)  were  shown  to  frt  a 
model  for  hydrogen  diffusion  and  trapping,  allowing  values  to  be 
determined  for  the  irreversible  trapping  constant  (k)  and  the  fkix 
of  hydrogen  into  the  meiai  Two  values  of  k  were  obtained,  de¬ 
pending  on  the  level  of  hydrogen  present  m  the  metal.  The  den¬ 
sity  of  irreversible  traps  calculated  from  k  for  low  hydrogen  levels 
suggests  that  the  pnncipal  irreversible  traps  may  be  interstitial 
nitrogen,  but  grain  boundaries  are  another  possibility  The  addi¬ 
tional  trapping  constant  obtained  lor  high  hydrogen  levels  is 
thought  to  be  aaaociaied  wan  ityonde  formation  The  irreversible 
trapping  constants  for  Ti  grade  2  are  consistent  with  its  suscepti¬ 
bility  to  hydrogen  embrittlement  relative  to  that  of  other  alloys  The 
results  demonstrate  that  multiple  irreversible  traps  can  be  distin¬ 
guished  by  using  the  dilfusionrtrapping  model. 

K£Y  WORDS:  hydrogen  ingress,  hydrogen  diffusion,  hydrogen 
trapping,  potenbostatic.  titanium 

INTRODUCTION 


Structural  Itttarogarwitwt  m  aloyt  ar«  poterrtial  trapping  sites  (or 
dittusirtg  hydrogen,  and  the  interaction  of  hydrogen  with  these  trap 
sites  cart  render  the  alloy  susceptible  to  hydrogen  embrittlement 
Hydrogen  ingress  m  various  iron-  and  mckel-base  alloys  has  re¬ 
cently  been  studied  using  a  potentiostabc  pulse  technique  m  which 
a  test  electrode  is  charged  with  hydrogen  at  a  constant  potential 
(Et)  lor  a  time  (t,).’**  The  potential  is  then  stepped  to  a  more  pos¬ 
itive  value.  Ea  (10  mV  negative  o(  the  open-circuit  potential),  and 
an  anodic  current  transient  is  otutained.  By  using  an  appropriate 
ditluslorVlrapping  model'  to  analyze  the  data.  It  was  possible  to 
determine  trapping  parameters  for  these  alloys  The  technique  and 
model  have  now  been  applied  to  titanium  in  both  the  pure  and 
grade  2  forms  to  obtain  the  hydrogen  Ingress  characteristics  and 
then  to  compare  the  happing  capability  of  titanium  with  previousty 
studied  alloys  in  terms  of  their  susceptibility  to  hydrogen 
embrittlement. 


Sutmeied  lo>  puMcalon  March  1SB0.  m  leveeO  kxm.  aepwmbei  IBW 
‘UstanaM  hMaarch  Laboratory.  Shi  irv  wnaaonat.  3>3  Raoanawoou  Am  .  Memo 
Park  CA  S402S 

'"UNS  numoeri  ars  Mao  n  Mtlali  and  ASoys  In  me  LMAaO  Numbering  Sytiem 
puCMhaO  by  eia  Soewly  P*  Automolnrt  Enpnaart  (SAE I  and  ooaponaotad  by  IT* 
American  Sooeiy  tor  Taatmo  ano  Maienae  (ASTM) 


The  diftusionArapptng  model  has  been  developed  lor  two 
cases:  (1)  diffusion  control.  In  which  the  rate  of  hydrogen  ingress 
IS  controlled  by  diffusion  in  the  bulk  metal,  and  (2)  intertaoe  con¬ 
trol.  in  which  the  rate  of  ingress  is  controlled  by  the  flux  across  the 
hterftce.'*  For  a  film-covered  metal  or  alloy,  the  intarface  control 
model  has  been  found  to  be  applicabie  in  all  cases  so  lar.  Accord¬ 
ing  to  this  model,  the  total  charge  passed  out  is  given  in  nondi- 
mensional  form  b/* 

Q  (»)  -  V  R{1  -  e-''/v(^R)  -  |t  -  l/(2R)effvRJ)  (1) 


The  nondimensionai  terms  are  defined  by  Q  «  q/lFJV(t^)]  and 
B  k.t,  where  q  is  the  dimensionalized  charg*-  In  C  m**,  F  is  the 
Faraday  constant,  and  J  Is  the  Ingresa  flux  in  mi>f'm'*-s*’.  The 
charge  q'(z)  corresponding  to  O  (x)  is  equated  l>  the  charge  (q«) 
associated  with  the  expenmental  anodic  transients  k,  is  an  appar¬ 
ent  trapping  constant  measured  for  irreversible  traps  in  the  pres¬ 
ence  of  reversible  traps  and  can  be  expressed  by  kfO^^)  wi«re 
k  is  the  irreversibte  trapping  constant.  D.  is  the  apparent  diffusrv- 
ity.  and  0,.  is  lha  lattice  diffusiviiy  of  hyu^ogen  in  the  metal 

Data  lor  the  anodic  charge  (q.)  were  obtained  by  imegraiion 
of  the  current  transients  lor  different  charging  times  and  were  fitted 
to  Equation  (1)  to  determine  k,  and  J  Values  of  these  two  param¬ 
eters  can  be  used  to  calculate  the  charge  (qy)  Irreversibly  Capped 
given  nonaimensionaliy  by 

Oy  -  |\  R  -  i/(2\  R))erl\ ^  -r  e'"A,e  (2) 

The  charge  associated  with  the  entry  of  hydrogen  into  the  metal 
(q^)  can  be  determined  from  Its  norKfimenalonai  form  of  Q,„  • 

V  R  by  using  the  denved  value  of  k.  The  data  for  q^.  qy.  and  the 
cathodic  charge  (q,)  can  then  be  used  to  obtain  two  ratios: 

(t)  Qy/On-  corresponding  to  the  fraction  of  hydrogen  in  the  metal 
that  is  trapped  and  (2)  q.„/qc.  represanting  the  fraction  of  charge 
associated  with  hydrogen  entry  during  the  charging  step  The  rabo 
qy/q„  IS  independent  of  potential  because  each  component  has 
the  same  dependence  on  flux,  whereas  q^q^  ganaraiiy  exhibits 
some  variation  with  potential. 

Tha  density  of  irreversible  trap  partidas  (N.)  can  be  obtained 
directly  from  the  apparent  trapping  constant  (k,)  by  using  a  model' 
based  on  spherical  traps  of  radius  d: 

M,  -  k.a/(4nd»0,)  (3) 

where  a  is  the  diameter  of  the  meiat  atom  The  calculalion  of  N, 
requires  a  value  lor  d.  and  thereto  le  a  knowledge  of  potential  ine- 
versibie  traps  in  terms  of  the  dimensions  of  heierogeneitiet  in  the 
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•>oy  e/  Mtfwt  Th«  dominant  inavortMe  trap  can  than  ba  Idanti- 
Aad  by  oompartng  tha  trap  danaity  wtth  tha  conoantrations  of  po- 
lartbal  traps  m  the  aNoy. 

EXPERIMENTAL  PROCEDURE 


Tha  compoalbon  ot  Tl  grade  2  pfowtdad  by  tha  manutacturar 
was  as  toaowa:  0.021  C.  0.17  Fe.  0.007  N.  0.16  O.  <0.0050  H. 
With  tha  baiartoa  bang  Ti.  The  titanium  apadman  was  99.90  par- 
oant  pure  Both  grades  of  titanium  ware  suppliad  in  the  form  of 
12.7-mm  diamatar  rode  and  ware  used  in  the  as-raoervad  oortdi- 
bon  Tha  yMd  strength  of  tha  as-rooaivad  Ti  grade  2  was  given  as 
380  MPa 

Oetaits  of  the  elacirochamical  oefi  and  Instrumarttation  have 
been  given  previously.*  Tha  lest  eiecbudes  oonsMad  of  a  S-em 
length  of  rod  In  a  poMetrafkioroethylane  sheath  so  that  only  the 
plartar  and  surface  was  exposed  to  tha  aiactrotyte  The  surface 
was  polishad  with  SiC  paper  fobowad  by  O.OS-^m  alumina  powder 
before  each  last  to  remove  metal  previously  exposed  to  absorbed 
hytbogan.  Tha  atectroiyia  was  an  acetate  buffer  oorttaming  1  M 
acetic  add  end  1  M  sodium  acetate  with  tS  ppm  As^Oj  The  atac- 
trotyte  was  deaerated  wtth  argon  for  1  hour  before  measurements 
began  and  throughout  data  acquisition.  The  potentials  ware  mea¬ 
sured  with  respect  to  a  saturated  calomai  electrode  (SCE)  AH 
lasts  wore  paribrmad  at  22  =  2*C. 

The  test  electrode  was  charged  with  hydrogen  for  charging 
timos  from  O  S  to  50  s  for  each  £<.  Anodic  current  trartsients  were 
obtained  tor  each  charging  time  over  a  range  of  ovorpotentials  (n 
>  E«  -  Eac)  The  open-circuit  potential  (£«)  of  the  las'  electrode 
eras  sampled  immediatefy  before  each  charging  time  and  was  also 
uaed  to  monitor  the  stability  of  ttie  surface  film. 

RESULTS 


Pure  Titanium 

A  typical  anodic  current  transient  is  shown  m  Figure  1.  The 
anodic  charge  was  Invariartt  with  L.  which  is  not  predicted  by  the 
dIflustonArapping  model  tor  either  diffusion  or  mterface  control. 
Therefore.  K.  could  not  bo  determined  at  any  ovaipotantial  over 
the  wide  range  studied  (-0.05  to  -0.8  V)  The  open-circuit  poten¬ 
tial.  and  therefore  the  charging  potential,  generally  exhibited  a 
positive  shifi  over  the  range  of  charging  times  for  each  overpoten- 
bal.  This  shift  might  oompertsate  lor  the  increase  in  t.  However,  m 
several  cases.  E^  changed  by  sS  mV  and  q,  was  essentially  con¬ 
stant.  Therefore,  any  effect  resulting  from  the  shift  in  appears 
ID  be  minor.  Instead,  the  invariance  in  q,  indicates  that  negligible 
hydrogen  enters  the  metal,  so  that  is  approximately  zero,  arxi 
therefore  q,  corresponds  solely  to  oxidation  ol  the  adsorbed  layer 
of  hydrogen,  that  ie.  it  should  comprise  only  q^.  The  dependence 
of  1^  q.  on  T)  (Figure  2)  is  linear  over  a  wide  potential  range,  as 
expected  H  q.  -  q^  The  iadi  of  dependence  at  high  overpoten- 
Sals  probably  corresponds  to  fuH  coverage  of  the  edsorbed  hydro¬ 
gen  layer. 

Titanium  Grade  2 

An  anodic  current  transient  for  Ti  grade  2  is  shown  in  Figure 
3.  The  grade  2  ntetal.  in  contrast  to  the  pure  form,  exhibits  a 
marlied  dependence  of  q.  on  i^.  so  trapping  constants  can  be 
evaluated  in  this  case.  The  anodic  charge  essentially  involved  ab- 
aorbed  hydrogen  Data  for  q.  could  be  analyzed  in  terms  of  the 
Interface  ocntroi  model  using  Equation  (i)  to  obtain  values  of  k, 
arxf  J  that  were  independent  o<  cherging  potential  (E^)  and  charg¬ 
ing  time  (ic).  respectively  In  accordance  with  previous  practice.* 
the  data  were  analyzed  only  lor  charging  times  slO  s  to  minimize 
ehon-time  effecte  where,  lor  exempte.  oxideiion  of  the  edeorbed 
hydrogen  layer  can  make  a  tignifcent  contribution  to  q.  Four 
leets  were  performed,  ard  the  values  of  k,  and  J  given  in  Table  1 
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FIGURE  1 .  Anodic  transienr  tor  pure  OtMnium  m  acetate  Puffer,  ^ 
IS  m;  Ec  “  -0.887  V*cf  ^ha  lull  transrenf  is  not  shown. 


FIGURE  2.  DoponOonco  of  tnoOic  charge  on  ovorpotenvtl  lor  purs 
otanium  in  scefate  buflor. 


for  two  of  the  teste  are  typical  ol  tha  ovarall  ratults  The  flux  in¬ 
creases  with  overpotentiai  ss  a  result  of  the  dependence  ol  J  on 
the  evriace  coverage  of  The  variation  in  log  j  with  t)  shown 
in  Figure  4  Is  Imaar,  as  is  rsquired  with  the  sssumption  that  the 
surface  coverage  respond  rapidly  to  changes  in  potential 

In  both  tests,  k,  «  independent  of  overpotentiai  but  exhibits 
two  values  depending  on  the  potential  range  At  charging  poien. 
bels  up  to  approximetely  -0.93  V.  k,  is  0.028  ::  0.002  s  ', 
whereas  the  rnesn  value  at  higher  potentials  is  0.040  s' '  The  two 
other  tests  gave  uappmg  constants  of  0036  s'  ’  and  0.042  s  '  ’  at 
high  potentials,  so  that  the  mean  value  of  k.  at  high  potentials  m 
the  four  tests  was  0040  s.  0.004  s'V  Values  of  q,  cekulaied  us 
ing  k,  end  J  are  compered  with  the  corresponding  expenmemai 
deia  (t|  >  -0  70  V  in  test  2)  in  Figure  5.  and  it  is  evident  that  the 
data  agree  well  over  the  chargir.g  time  range. 
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FIOURE  3.  Anodic  transient  for  Ti  grade  2  in  acetate  buffer,  t^  -  IS 
s:  Be  ”  -0.742  Vjcj-  7/>e  full  transient  is  not  s/tomm. 


Values  of  k. 

TABLE  1 

and  J  for  Titanium  Grade  2 

Test 

h 

(V) 

E. 

(Vk.) 

k. 

(s-’) 

J 

(nnM»l-cin**a'’) 

Mean  k. 

1 

-055 

-0614 

0029 

007 

-0.60 

-0.652 

0.034 

006 

-065 

-0  708 

0025 

0.08 

-070 

-0751 

0024 

0.09 

0  028  :  0.002 

-075 

-0806 

0028 

0.13 

-0.80 

-0868 

0.029 

017 

-086 

-0  930 

0029 

022 

-0.90 

-1.040 

0.044 

0.39 

-0  95 

-1.062 

0044 

044 

-1,00 

-1.137 

0  049 

056 

0.044  c  0.002 

-1  05 

-1  203 

0.042 

059 

-1  to 

-1.283 

0.044 

069 

-1  16 

-t.370 

0.041 

0.73 

2 

-0.60 

-0  655 

0.031 

0.07 

-065 

-0  692 

0028 

0.08 

-070 

-0  741 

0029 

009 

0.028  i  0.001 

-0.75 

-0.796 

0027 

on 

-0.80 

-0.857 

0.027 

0  14 

-0.85 

0.921 

0.028 

0.19 

-0.90 

-0  987 

0034 

029 

-095 

-1.024 

0033 

0.30 

-t  00 

-till 

0039 

0.40 

0  036  :  0.003 

-1  05 

-1  182 

0  041 

0.49 

-t.to 

-1.258 

0.035 

049 

-1  15 

-1.310 

0.034 

0.51 

The  tnerease  in  trapping  constant  at  high  overpotentials  can 
ba  ascribed  to  an  additional  type  ol  irreversible  trap  participating 
concurrently  enth  the  irreversible  traps  detected  al  Iom  overpoten- 
tials  The  densities  ol  the  two  traps  are  assumed  to  be  additr/e. 
and  theretore  k,  al  high  overpotentials  can  be  represented  by 

k,  -  k„  ♦  k^  (4) 


*1  (V) 


FIOURE  4.  Dependence  of  Hus  on  orrerpotantM  for  Ti  grade  2. 


FIOURE  S.  Comparison  ol  e^oehmentai  and  calculated  anodic 
charge  data  for  Ti  grade  2  in  acetate  buffer.  ■  -0.742  V. 


where  k,,  corresponds  to  the  irrevarsibie  traps  detected  at  low  t) 
and  is  assoaated  with  the  additional  type  of  trap  The  total 
trappirtg  constant  la,)  was  taken  as  the  mean  (0  040  s'  ’)  of  the 
high  1)  results,  and  k.,  -  0.028  c  0  002  s'*,  so  k^  •  0.012  : 
0.006  s”. 

Data  lor  the  charge  ratios  as  a  function  of  t^  at  low  overpo- 
ientials  are  shown  in  Figures  6  and  7.  Qj/q,  ratio  lor  Ti  grade 
2  approximately  follows  an  empincal  Vi^  dependence  for  charging 
times  up  10  to  8.  but  shows  an  mcreaslng  deviation  from  kneartty 
at  higher  charging  times,  which  can  be  attributed  to  the  different 
dependence  ol  qr  ei>d  ot'  W 

The  ratio  of  to  q,  increases  with  t,.  and  the  increase  be¬ 
comes  greater  at  higher  overpotentials  (Figure  8)  The  increase  m 
q^q^  with  overpotential  indicates  that  hydrogen  entry  becomes 
more  efficiem,  which  m  turn  implies  that  hydrogen  atom  recombi¬ 
nation  during  eftarging  on  Ti  grade  2  must  occur  electrochemicalty. 
H  chemical  recombination  were  Involved.  Ha  rate  (>  6*  where  6  is 
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FK3URE  6.  Oep^ndtmc*  ot  Qr/a„  on  cnarging  tmo  lor  Ti  grade  2 
wttti  k,  m  0.026  s'’ and  0.040  S'’. 


FIQURE  7.  Oapandance  oi  qjq^  on  charging  lime  lor  Ti  grade  2  at 
tow  OverpotenlMs:  o  -0.60  V;  (9)  -0.65  V;  (<^)  -0.70  V. 
m  -0.75  V.  (O)  -0.60  V,  (A)  -0.65  V. 


9te  surfac*  coverage)  thouid  incraiM  ralativa  lo  the  rate  of  hydro¬ 
gen  entry  (>  8)  at  high  overpotentiata.  raauRing  in  a  loes  of  charg¬ 
ing  efficiency  A  similar  conclusion  was  reached  in  studies*  of  tita¬ 
nium  In  sulfunc  acid  solutions  betweer'  pH  0.25  and  2.25.  under 
these  conditions,  hydrogen  evolution  is  tMlie'/ed  to  occur  on  an 
oxide  film  at  potentials  more  positive  thar>  approximately  -1.0 
Vacs  6nd  to  involve  electrochemical  desorption  as  the  rate-deter¬ 
mining  step 

The  data  for  qT/q.^  at  high  overpoiantials  exhibits  nonlinear 
behavior  similar  to  that  for  this  ratio  at  low  overpotentials  (Figure 
6).  In  addition,  m  general  increases  with  tc.  as  shown  In  Fig¬ 
ure  9.  but  varies  with  n  in  the  opposite  ma.nner  from  that  found  for 
low  overpotentials;  that  is,  is  high  at  the  low  end  of  the  over- 
potential  range  and  decreases  as  i)  increases  (Figure  10)  This 
reduction  m  the  efficiency  of  hydrogen  entry  can  be  explained  by 
ttw  formation  of  a  hydride,  as  discussed  later. 


FIGURE  8.  Dependence  of  qjq^  on  overpotentiai  for  Ti  grade  2  at 
low  ovarpoiantals  and  charging  times  ol  20  s  end  40  s 


FIGURE  9.  Dependence  ofqjPc  on  charging  time  for  Ti  grade  2  at 
high  ovarpotanvais  O  -0  00  V:  (%)  -r  n^  yr  -  t  oo  v. 
(W  -  7.05  V.  (O)  -  7. 70  V;  u)  -  7. 75  vr. 


DISCUSSION 


Pure  Titanium 

Titanium  in  the  pure  form  apfsears  lo  be  resistant  to  hydrogen 
penetration.  The  sudaca  film  formed  on  pure  titanium  in  aqueous 
solutions  is  known  to  be  a  highly  affective  barrier  to  hydrogen  en¬ 
try  Thus,  the  anodic  charge  data  are  consistent  with  the  presence 
ol  a  hydrogen  barrier. Previous  work  on  single  crysial  TiO,  in  the 
rutile  form*  has  shown  that  the  diffusrviiy  of  hydrogen  at  20’C  is 
about  four  orders  of  magnitude  higher  for  the  c-axis  (1 .9  >-  10'  '* 
m*  s"')  than  fo'  the  a-axis  (7.5  >  10"*®  m’ s"’)  Tlie  onenialion 
ol  the  film  was  not  investigated  m  this  work,  but  it  clearly  can  De¬ 
termine  the  resistance  ol  titanium  to  hydrogen  entry  and  rriay  ac¬ 
count  for  the  difference  in  chargirrg  behavior  of  the  pure  and  grade 
2  forms  of  tita.nium. 
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FIOURE 10.  Dtpenaence  of  oo  ot/erpofontiai  tor  Ti  grade  2  al 
high  overpotentiais  and  charging  tunes  of  20  and  40  s. 


Titanium  Grade  2 

The  irreversibte  trapCHng  constants  (k,  and  k,)  for  Ti  grade  2 
can  be  approxirnatad  to  the  apparent  trapping  constants  on  the 
basis  of  the  low  diffusrvrty  oi  hydrogen  in  utaruum  artd  the  ciose- 
rtess  in  the  composition  of  grade  2  and  pure  titanium  The  diffusiv- 
tty  of  hydrogen  in  a-Ti  over  the  temperature  range  25  to  t00°C  is 
expressed  by 

0  -  6  »  to-*  exp  ((-60250  =  aaso  J  mol-  '(/FT]  m’  s'  ’  (S) 

which  gives  a  value  of  t  .65  >  to-'*  m^  s*'  at  25*C.’  Because  of 
the  diffusrvity  artd  composition  factors,  the  diffusivities  tor  the  pure 
and  cornmerciai  grades  are  assumed  to  differ  negligibly,  so  that 
D,  '  Of  and  therefore  k  •<  k,.  Hence,  k,  -  0  028  =  0.002  s"’ 
andk,  >  0.0t2  =  0.006  s-' 

The  trapping  at  low  overpotentiais  as  reflected  by  the  value 
of  0028  S' '  for  k,  could  be  associated  with  either  the  minor  ele¬ 
ments  (C.  N.  O.  and  Fe)  or  structural  defects  such  as  gram  bound¬ 
aries  and  dislocations  m  the  titanium  Equation  (3)  was  used  to 
calculate  the  density  of  irreversible  traps  from  k.,  by  assuming 
that  the  principal  type  of  trap  was  one  of  me  minor  elements  The 
appropriate  atomic  radius  was  therefore  used  as  the  trap  radius 
(d)  and  me  diameter  (a)  of  the  titanium  atom  was  taken  as  290 
pm  The  values  of  N.  and  the  atomic  cortcentration  (A)  of  the  ele¬ 
ments  are  given  m  Table  2  The  ratio  A/N,  represents  the  level  of 
agreentent  between  the  atomic  concentration  and  the  trap  derisity 
calculaied  on  the  basis  of  the  appropnata  element 

In  all  cases  except  nitrogen.  A/N,  is  large  enough  to  discount 
these  elements  as  the  principal  irreversible  trap,  even  allowing  tor 
the  uncertainty  m  the  hydrogen  diflusivity.  which  could  vary  N.  by  a 
factor  of  almost  lour  Moreover,  oxygen  is  known  to  reduce  the 
solubility  of  hydrogen  m  titanium.*  which  suggests  that  oxygen  is 
unlikely  to  be  a  potential  trap;  mis  is  consistent  with  the  above  re- 
euiis.  However,  a  reasonable  correlation  exists  for  rvbogen.  partic¬ 
ularly  because  the  uncertainty  factor  means  that  the  calculated 
trap  density  may  be  rio  more  tr\an  five  times  larger  man  the  actual 
concentration  ol  nUrugen  atoms  Interestingly,  among  the  intersti¬ 
tials.  nitrogen  is  particularty  effective  In  reducing  the  ductility  of 
titanium.*  which  coincides  wflh  Us  apparent  role  as  the  pnncipai 
irreversible  trap.  Hence,  nitrogen  may  strongly  affect  the  suscepti¬ 
bility  of  Ti  grade  2  to  hydrogen  ernbrittlemem  mrough  Its  combined 
influence  on  brmteness  and  hydrogen  trapping 


TABLE  2 

Values  of  N,  for  Titanium  Grade  2 


Element 

d 

(pm) 

H. 

(m-*) 

A 

(m-*) 

AIN, 

C 

77 

68  X  to” 

4  8  X  10»» 

71 

N 

74 

7  4  X  10“ 

14  X  10“ 

19 

0 

74 

7.4  X  t0“ 

2  7  X  10“ 

365 

Fe 

t24 

2.6  X  to” 

8.3  X  10” 

316 

Although  the  data  suggest  that  the  pnncipai  irreversible  trap 
may  be  nitrogen,  giain  boundaries  are  another  possibility:  how¬ 
ever.  m  the  case  of  steels,  the  trapping  energy  of  gram  bound¬ 
aries.  and  therefore  their  reversible/irreversible  nature,  depends  on 
their  angular  orientation  *  A  more  likely  alternative  is  that  trapping 
resutts  from  hydride  formation  Hydride  decomposition  is  expected 
to  be  slow  relative  to  the  duration  of  a  pulse  test,  and  hence  the 
hydrogen  can  be  considered  irreversibly  trapped 

Previous  work  by  Satoh  et  ai  showed  that  unalloyed  titanium 
absorbs  hydrogen  m  near-neutral  bone  at  25  and  tOO’C  when  the 
potential  is  more  negative  than  -0  75  These  workers 

found  that  orily  thin  surface  hydride  films  tom  at  potentials  more 
positive  than  - 1 .0  Vtct-  btfl  extensive  hydhde  formation  may  oc¬ 
cur  at  more  negative  potentials  Traps  corresponding  to  the  forma¬ 
tion  ol  a  surface  hydride  could  be  expected  to  saturate  at  poten¬ 
tials  approaching  the  commencement  of  accelerated  hydride 
formation  because  of  the  decreasing  availability  of  free  titanium  m 
the  vicinity  of  the  surface.  Trap  saturation  would  lead  to  a 
decrease  in  k,  wim  increasing  overpotentiai.  but  such  a  decrease 
is  not  observed  Therefore  It  seems  more  likely  that  nitrogen 
rather  than  surface  hydride  formation  or  gram  boundaries,  acts  as 
the  principal  trap  at  low  overpotentiais  The  additional  trapping 
constant  (k,)  obtained  at  high  overpotentiais  (E,  <  -093  Vgcg)  i$ 
probably  associaisd  with  the  accelereted  tcrmation  of  hydrides 
Moreover,  the  decrease  in  q^q^  in  this  potential  region  is  consis¬ 
tent  with  the  pretence  of  a  partial  barrier  to  hydrogen  entry  and 
provxJes  support  for  the  formation  of  a  thick  hydride  layer 

Comparison  of  Trapping  Constants 

The  irreveraible  trapping  constants  for  Ti  grade  2  are  com¬ 
pared  with  those  obtained  previoucly^  lor  a  range  of  eiioys  shown 
in  Table  3  Although  various  metallurgical  factors  are  involved,  the 
autceptibiliTy  to  hydrogen  embrittlement  does  appear  to  follow  the 
trapping  capability  of  the  aHoy  as  represeniad  by  the  irreversible 
trappirtg  constant  This  correiaiion  has  been  discussed  eartier  for 
the  steels  and  mckal-baaa  alloys  listed  ’ 

From  the  order  of  the  trapping  constants,  the  susceptibility  of 
Ti  grade  2  to  hydrogen  ernbrittlemem  at  low  levels  of  hydrogen  is 
predictad  >o  be  comparable  to  that  of  Incoto/’'  925  (UNS  N09925) 
vid  MP35N  (UNS  R3<X)35)  Hydride  precipitates  can  be  obtarvad 
in  Ti  grade  2  at  hydrogen  concentrationt  above  -too  ppm  by 
weight,  but  they  do  not  cause  gross  embrittiennem  of  the  titanium 
until  hydrogen  levels  exceed  500  to  600  ppm  "  Similarly, 
gaa-phaae  chargirig  studies  of  Incoioy  903  have  shown  that  pro- 
Icnged  exposure  is  required  to  accumulate  eriough  hydrogen  to 
reduce  ductility  Incoioy  925  is  Nkety  to  behave  similarly  to  the 
903  grade,  so  tn«  trapping  constant  tor  Ti  grade  2  is  consistent 
with  that  of  Incoioy  925  in  terms  of  hydrogen  ambrittlement  resis¬ 
tance  in  that  relatively  long  exposure  timas  are  required  in  eac.h 
case  for  ttie  hydrogen  concenirsiion  to  exceed  the  level  necessary 
to  degrade  the  mechanical  properties.  Furthermore,  the  higher 
trapping  constant  (0.040  s'')  associated  witn  the  occurrence  of 
•igniticent  hydride  formation  coiricides  with  the  irKraasing  susoap- 
Ubility  to  ambriniement  with  hydrogen  concentration 
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•  TABLE  3 

ImvBfsibh  Trapping  Constants 


AHoy 

k 

<•-’) 

4340  steel 

4.0  -  0.5 

18N1  (300)  maraging  atael 

1.50  i  1  05 

fneorwi  71B 

0.128  =  0  024 

Monel  K-SOO 

0  040  0  010 

Ti  grade  2  (high  H) 

0.040  =  0  008 

Inootoy  925 

0.034  £  0  004 

Ti  grade  2  (low  H) 

0.028  £  0  002 

MP35N 

0.026  £  0.002 

^  The  irrevereiMe  trapping  constants  tor  Ti  grade  2  are  consis- 
tent  witti  Its  relative  susceptibility  to  hydrogen  embrittietneru  Fronn 
the  order  of  the  trapping  constants.  Ti  grade  2  at  low  levels  ol  hy¬ 
drogen  IS  predicted  to  be  comparable  to  incoloy  925  and  MP35N 
In  terms  of  hydrogen  embrittlement  resistance 

^  The  presence  of  multiple  irreversible  traps  involving  interstitial 
eiemenis  (or  grain  boundaries)  and  hydnde  formation  can  be  dis¬ 
tinguished  by  using  the  ditfusion/irapping  model. 
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